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a b s t r a c t
Negative-stranded tospoviruses (family: Bunyaviridae) are among the most agronomically important
viruses. Some of the tospoviruses are known to exist as mixed infections in the same host plant. Iris
yellow spot virus (IYSV) and Tomato spotted wilt virus (TSWV) were used to study virus–virus interaction
in dually infected host plants. Viral genes of both viruses were separately cloned into binary pSITE-BiFC
vectors. BiFC results showed that the N and NSm proteins of IYSV interact with their counterparts coded
by TSWV in dually infected Nicotiana benthamiana plants. BiFC results were further conﬁrmed by pull
down and yeast-2-hybrid (Y2H) assays. Interacting regions of the N and NSm proteins were also
identiﬁed by Y2H system and β-galactosidase activity. Several regions of the N and NSm were found
interacting with each other. The regions involved in these interactions are presumed to be critical for the
functioning of the tospovirus N and NSm proteins. This is the ﬁrst report of in vivo protein interactions of
distinct tospoviruses in mixed infection.
& 2015 Elsevier Inc. All rights reserved.
Introduction
Multiple interactions between plant viruses are quite common
in nature (DaPalma et al., 2010; Hisa et al., 2014; Matthews, 1991).
Multiple/mixed infection also facilitates the genetic reassortment
among different virus species. The possible outcomes of these
interactions can be elimination of one virus from the mixed
infection by the second virus, co-existence of both viruses for
the remainder of the plant's life, increased titer of one virus
resulting in more severe symptoms (synergism), or expansion of
the host range (Hammond et al., 1999; Hisa et al., 2014; Syller,
2012; Wege and Siegmund, 2007). Cross protection and mutual
exclusion have been observed in antagonistic interactions between
closely related viruses. Facilitative interactions between distinct
viruses have been shown to cause synergism, where one virus
enhances the virulence or complements the defects of the other
one and helps it in replication, systemic movement or transmis-
sion. This could lead to more severe disease and may increase crop
damage and yield losses (Hisa et al., 2014). Synergism can be of
different natures-mutual-when both viruses increase in levels,
unilateral-when only one virus increases in concentration, and
neutral-when the virus concentration does not change (Zhang
et al., 2001). Synergism has been reported across several genera of
plant viruses. Synergistic interactions in plant viruses were best
studied in Potyviridae family between Potato virus Y (PVY, genus
Potyvirus) and Potato virus X (PVX, genus Potexvirus). PVY and PVX
have been shown to interact with a number of related and
unrelated potyviruses (Reviewed in Hisa et al., 2014). However,
there is limited or no information available on synergistic inter-
actions of tospoviruses. Synergistic interactions are also important
for understanding the potential for reassortment between tospo-
viruses. Natural reassortment between tospoviruses, Groundnut
ringspot virus (GRSV) and Tomato chlorotic spot virus (TCSV), has
been reported recently (Webster et al., 2011). In addition to that,
several reassortment patterns were observed in Tomato spotted
wilt virus (TSWV) populations by phylogenetic studies suggesting
mixed tospovirus infections in nature (Tentchev et al., 2011).
Tospoviruses belong to the negative-stranded Bunyaviridae family
and are among the most agronomically important viruses (Scholthof
et al., 2011). Of the ﬁve genera in family Bunyaviridae, members of the
genus Tospovirus are the only viruses that infect plants (Pappu et al.,
2009). The host range of the type member of tospoviruses, TSWV,
includes 1090 plant species in 15 families of monocotyledonous and
69 families of dicotyledonous plants worldwide (Li et al., 2009). TSWV
causes chlorosis, necrosis, and ringspots on leaves, fruits and stems of
the host plants and infection often leads to wilting and death of plants
(Li et al., 2009, Parrella et al., 2003).
Since the discovery of TSWV, more than 30 distinct tospo-
viruses have been reported worldwide Mandal et al., 2012. In
addition to TSWV, Iris yellow spot virus (IYSV) is another important
tospovirus in the US. First reported by Hall et al. (1993) in onion
crop, IYSV has now a wide occurrence in several states of the
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U.S and many parts of the world (Hall et al., 1993). IYSV could
cause complete crop loss in onions, especially in seed crops (Pappu
et al., 2009).
The genome of tospoviruses consists of three RNAs, large (L),
medium (M) and small (S). The L RNA is organized in negative
sense orientation, whereas the M and S RNAs are in ambisense
(Adkins, 2000). The L RNA codes for the RNA dependent RNA
polymerase (RdRp) in the negative sense, the M RNA codes
for a nonstructural protein, NSm, in sense direction and the
glycoprotein precursor (GN/GC) in antisense orientation. The S
RNA codes for a non-structural protein (NSs) in sense direction
and the nucleocapsid protein (N) in antisense direction. The NSm
and GN/GC proteins coded by the M RNA, play important roles in
cell-to-cell movement in the host and in vector transmission,
respectively (Adkins, 2000; Kormelink et al., 1994; Whiteﬁeld
et al., 2005). The nucleocapsid (N) protein and silencing suppres-
sor (NSs) protein are coded by the S RNA (Adkins, 2000; Pappu,
2008; Takeda et al., 2002; Tsompana and Moyer, 2008).
Multiple functions of TSWV N have been reported in several
studies. The N protein contains multiple RNA binding domains
through which it binds nonspeciﬁcally with ssRNA (Richmond
et al., 1998). Homotypic interaction and multimerization of the N
protein has been speculated as prerequisite for packaging and
protecting the viral genome (Uhrig et al., 1999).
TSWV NSm is expressed during a short period early in systemic
infection. It also associates with N, ssRNA, and host proteins (Li
et al., 2009). NSm's interaction with N protein has been identiﬁed
as a primary requirement for cell–cell movement and long
distance movement. Moreover, TSWV NSm domains required for
tubule formation, movement and symptom development have
been identiﬁed (Li et al., 2009). Phylogeny based on nucleocapsid
(N) and movement (NSm) proteins has grouped IYSV with “Old
World” or Eurasian tospovirus species, while TSWV with the “new
world” or the American species of tospoviruses. Similarity
between N and NSm proteins of IYSV and TSWV is approximately
33% and 36%, respectively (Chiemsombat and Adkins, 2006; Silva
et al., 2001; Uhrig et al., 1999).
Mixed infections of two distinct tospoviruses in the same host
plant have been reported to occur in commercial production
Fig. 1. Symptoms of Iris yellow spot virus (IYSV) and Tomato spotted wilt virus
(TSWV) infections on Nicotiana benthamiana. Whole plants (A), inoculated leaves
(B), and systemic leaves (C). Symptoms shownwere at 10–14 days after IYSV, TSWV
or IYSVþTSWV inoculations.
Fig. 2. In planta interaction of Iris yellow spot and Tomato spotted wilt virus nucleocapsid (N) and movement (NSm) proteins interactions examined by BiFC. Interaction assays
were performed in leaf epidermal cells of IYSVþTSWV-infected transgenic Nicotiana benthamiana plants expressing cyan ﬂuorescent protein fused to the nuclear marker
histone 2B (CFP-H2B), and cyan endoplasmic reticulum (ER-CFP) marker. Column 1 shows BiFC, column 2 shows localization of CFP-H2B and ER-CFP (nucleus and ER), and
column 3 shows a merge of all panels (overlay). The ﬁrst and second proteins mentioned in each pair of interactors were expressed as C-terminal fusions to the amino-
terminal half of YFP and as C-terminal fusions to the carboxy-terminal half of YFP respectively. A set of positive interactions is shown here after testing interactions in all
pairwise combinations: (A–C) IYSV N/TSWV N, (D–F) IYSV N/TSWV NSm, (G–I) IYSV NSm/TSWV NSm and (J–L) IYSV NSm/TSWV N. Micrographs shown are representative of
at least 50 cells examined. Scale bar¼20 mm.
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systems. Mixed infection of watermelon (Citrullus lanatus) plants
by Groundnut bud necrosis virus (GBNV) and Watermelon bud
necrosis virus (WBNV) under ﬁeld conditions in central India was
reported by Kunkalikar et al. (2011). Similarly, TSWV and IYSV co-
infect onion plants under ﬁeld conditions where 7% of the onion
(Allium cepa) plants tested were infected with both of these
tospoviruses (Mullis et al., 2004). However, genetic and molecular
studies of these interactions are lacking. Due to the emergence of
new thrips vectors and increasing reports of virus spread in many
countries, mixed infections of tospoviruses are now increasing in
the ﬁeld. A better understanding of the molecular basis of mixed
infections of tospoviruses is required to design control strategies
for the economically important tospoviruses.
Recently, the nature and extent of interaction between IYSV
and TSWV was studied in dually infected plants under controlled
conditions (Bag et al., 2012). Using datura (Datura stramonium) as a
host, infection of a host plant with two distinct viruses and the
subsequent intra-plant spread of these viruses was monitored. In
datura, TSWV causes systemic infection while IYSV remains
localized to inoculated leaves. During mixed infections, TSWV
facilitates the systemic movement of the NSs mRNA of a distinct
tospovirus, IYSV and results in more severe systemic symptoms
compared to those produced by TSWV infection alone (Bag et al.,
2012). Further studies by real-time PCR revealed the increased
mRNA levels of IYSV N and NSs in systemic tissues of IYSV and
TSWV co-inoculated datura plants (Chingandu, 2012). However, it
was not clear from these studies if the NSs protein is modulating
host machinery by suppressing its defense or there is an enhanced
virus assembly and replication due to interaction between tospo-
virus proteins. To gain a further understanding of interactions
between two distinct tospoviruses, we studied molecular interac-
tion between TSWV and IYSV N and NSm proteins in Nicotiana
benthamiana plants. Using yeast-2-hybrid (Y2H) system, we also
identiﬁed the regions of the N and NSm proteins that are involved
in interactions. Our study presents the ﬁrst evidence of molecular
interaction between N and NSm proteins of two distinct tospo-
viruses. In the absence of the cDNA infectious clones for tospo-
viruses, biological relevance of these interactions still needs to be
tested.
Results
Symptoms of IYSV and TSWV co-inoculation in N. benthamiana
To produce dual infection, 4 to 6-weeks old wild-type and marker
N. benthamiana plants were inoculated with IYSVþTSWV inoculum.
Symptom development was monitored for 14 days. IYSV produced
necrotic lesions in inoculated and systemic leaves, while TSWV
produced mostly chlorotic symptoms on N. benthamiana leaves.
Symptoms were more severe and they appeared early when both
IYSV and TSWV were inoculated together (Fig. 1). The presence of
IYSV, TSWV, and IYSVþTSWV was conﬁrmed by RT-PCR using N and
NSm gene speciﬁc primers. Symptomatic leaves of IYSVþTSWV-
inoculated plants were also used for agroinﬁltration at 14 dpi for BiFC
studies. The experiment was repeated three times with 4 plants for
each treatment and leaf symptoms were visualized.
Cross-interaction of N and NSm proteins of IYSV and TSWV
The N and NSm proteins of IYSV and TSWV were tested for
potential interaction using BiFC assays in all pairwise combina-
tions. All proteins were expressed in binary pSITE-BiFC-C1 vectors
and co-agro inﬁltrated in wild-type N. benthamiana and marker
CFP-H2B plants as described in Materials and method. Interactions
of the N and NSm proteins of IYSV and TSWV were detected by
BiFC in both orientations (n- or c-terminal fusion of BiFC-C1
vectors). When expressed from the BiFC-N1vectors, which places
the YFP fragments at the C terminus of N and NSm proteins, no
interactions were detected. All the interactions were also tested in
dually (IYSVþTSWV) infected CFP-H2B plants. In all cases, BiFC
interactions were found to occur in the cell periphery and co-
localized with the ER when proteins were co-expressed with the
ER-CFP marker in CFP-H2B plants (Fig. 2A–L).
Positive BiFC interactions (IYSV N/TSWV N, IYSV N/TSWV NSm,
IYSV NSm/TSWV NSm, and IYSV NSm/TSWV N) were biochemi-
cally conﬁrmed by maltose binding protein (MBP) pull down
assays. Approximately half of the GST-N or GST-NSm bound with
the MBP-N or MBP-NSm resin and bound partners were eluted as a
complex (Fig. 3, panel a). However, no cross-reacting bands were
observed in the eluted fraction of samples containing GST-N or
GST-NSm added to the amylose resin expressing MBP alone, empty
pDEST expressing GST alone and MBP-N or MBP-NSm, or when
crude samples of both empty vectors were used for pull down
analyses (Fig. 3). Positive interactions are shown in Fig. 3a. In vitro
biochemical studies in the presence of RNase A were performed to
show no protein-RNA bindings in the N/N and NSm/NSm interac-
tions (Fig. 3, panels 1.e, 2.d).
Interacting regions of N and NSm proteins of IYSV and TSWV
To identify the regions responsible for IYSV and TSWV N–N
interaction, N proteins were divided into regions based on known
Fig. 3. Maltose binding protein pull-down analysis of cross-interactions of Iris
yellow spot virus (IYSV) and Tomato spotted wilt virus (TSWV) nucleocapsid (N) and
movement (NSm) proteins. (1) IYSV N/TSWV N, (2) IYSV N/TSWV NSm, (3) IYSV
NSm/TSWV NSm, (4) IYSV NSm/TSWV N. Load represents the protein content
initially loaded to the MBP column; wash, the protein not adhering to the column;
elution, the material that attached to the column and was desorbed by the addition
of maltose. Proteins were subjected to protein gel blot analysis and probed with the
anti-GST primary antibody. Panel a of (1), (2), (3), (4), panel e of (1) and d of
(2) show the positive interactions. (1.a) MBP-tagged IYSV N mixed with GST-tagged
TSWV N. (1.b) MBP alone mixed with GST-tagged TSWV N. (1.c) MBP-tagged TSWV
N mixed with GST alone. (1.d) GST alone mixed with MBP alone.(1.e) The same
combination as 1.a, except that proteins were ﬁrst subjected to RNase treatment.
(2.a) MBP-tagged IYSV N mixed with GST-tagged TSWV NSm. (2.b) MBP alone
mixed with GST-tagged IYSV N. (2.c) MBP-tagged IYSV N mixed with GST alone. (3.
a) MBP-tagged IYSV NSm mixed with GST-tagged TSWV NSm. (3.b) MBP alone
mixed with GST-tagged TSWV NSm. (3.c) MBP-tagged TSWV NSm mixed with GST
alone. (3.d) The same combination as 3.a, except that proteins were ﬁrst subjected
to RNase treatment. (4.a) MBP-tagged IYSV NSm mixed with GST-tagged TSWV N.
(4.b) MBP alone mixed with GST-tagged IYSV NSm. (4.c) MBP-tagged IYSV NSm
mixed with GST alone.
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binding domains of the N protein and functional domains of the
NSm protein in TSWV (Soellick et al., 2000; Uhrig et al., 1999).
These regions were generated by PCR using primers as described
in Materials and method. Amplicons inserted into the yeast two-
hybrid vectors and tested for interaction by Y2H analyses. The only
yeast transformants showing leucine-independent growth and
β-galactosidase activity were those expressing TSWV N (1–259
aa, TN) fused to the DBD and expressing portions of IYSV N (1–273,
IN) containing the N-terminal (1–90 aa, IN2) and C-terminal (221–
273 aa, IN5) regions connected to the TAD (Fig. 4). No remaining
co-transformants were able to grow on leucine-deﬁcient media
and all lacked β-galactosidase activity. To identify the portion(s) of
TSWV N that the IN2 and IN5 regions interacted with, IN2 and IN5
were tested against the other TSWV N regions. IN2 region (1–90
aa) bound efﬁciently to the middle region of TSWV N (91–180 aa,
TN3) (Fig. 4). However, IN5 (221–273 aa) was found to interact
with the middle and C-terminal regions of TSWV N (91–180 aa,
TN3; 181–220 aa, TN4; 222–259 aa, TN5) (Fig. 4).
The interacting regions of IYSV and TSWV NSm were those
expressing TSWV NSm (1–303 aa, TNSm) fused to the DBD and
IYSV NSm (1–312, INSm) and an N-terminal (1–160, INSm2) region
connected to the TAD (Fig. 5). INSm2 was tested against the other
TSWV NSm regions. INSm2 region bound efﬁciently to all regions
of TSWV NSm (1–160 aa, TNSm2; 100–200 aa, TNSm3; 201–300
aa, TNSm4) (Fig. 5).
In the Y2H assay of IYSV N and TSWV NSm interaction, expressing
IYSV N (1–273 aa, IN) fused to the DBD was found to interact with
those expressing TSWV NSm (1–303 aa, TNSm) and a C-terminal
(201–303 aa, TNSm4) region connected to the TAD (Fig. 6). When
TNSm4 was tested against the IYSV N regions, only a C-terminal
region (221–273 aa, IN5) was found to bind tightly with TNSm4 and
showed leucine-independent growth and β-galactosidase activity
(Fig. 6).
TSWV N (1–259 aa, TN) fused to DBD interacted with expressing
IYSV NSm (1–312 aa, INSm) and an N-terminal portion (1–160 aa,
INSm2) fused to TAD (Fig. 7). INSm2 in turnwas found to interact with
Fig. 4. Interaction of Tomato spotted wilt virus (TSWV) and Iris yellow spot virus (IYSV) nucleocapsid (N) protein. (A, B) Schematic representation of fusion constructs used in
the yeast-2-hybrid assays for interaction analyses of TSWV (A) and IYSV (B) coded nucleocapsid (N) protein. (C) Schematic diagram of the constructs tested for leucine
independent growth and β-galactosidase activity. Black box, LexA DBD in pEG202; hatched box, B42 TAD in pJG4-5; gray boxes, full-length TSWV N (amino acids 1–259); full-
length IYSV N (amino acids 1–273); white boxes, IYSV N constructs; tanned boxes, TSWV N constructs; white box, full-length Cauliﬂower mosaic virus P6 (amino acids
1–520); numbers to the left of each pair of constructions correspond to the β-galactosidase assays shown in (D). (D) β-galactosidase activity of yeast transformants expressing
constructs as represented in (C). The bar graph shows average β-galactosidase units for three different experiments along with the standard deviation. Numbers at the
bottom correspond to the construction pairs as presented in (C).
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multiple portions of expressing TSWV N (91–180 aa, TN3; 181–220 aa,
TN4; and 221–259 aa, TN5) fused to the TAD (Fig. 7).
Leucine-independent growth and β-galactosidase activity were
shown by only those yeast transformants expressing the regions of
IYSV and TSWV N, and NSm fused to both the LexA DBD and
B42 TAD.
Discussion
Mixed infections by plant viruses mostly result in the syner-
gistic interactions between them (Hisa et al., 2014; Scheets, 1998).
Synergistic interactions can have biological, epidemiological, and
economic implications (Syller, 2012). Interactions between mem-
bers of the family Partiiviridae and family Potyviridae have been
shown in previous studies (Lin et al., 2009; Lesker and Maiss,
2013). High titers or enhanced rate of replication of viruses can
inﬂuence vector transmission, virus host range, and greater yield
loss in many cases. Suppression of RNA silencing in plants by
silencing suppressor proteins has been shown to be involved in
most cases of potyviruses synergism. However, synergistic inter-
action between Clover yellow vein virus (ClYVV) and White clover
mosaic virus (WClMV) in pea (Pisum sativum) was shown to
involve CIYVV P3P-PIPO (a potential movement protein of poty-
viruses) through an unknown mechanism different from suppres-
sion of RNA silencing (Hisa et al., 2014). Synergistic interactions of
tospoviruses have not been well studied. Synergistic interaction
between TSWV and Tomato chlorosis virus (ToCV) was reported in
mixed infections in tomato plants infected with TSWV and ToCV.
This interaction resulted in more severe disease symptoms and
increased ToCV levels in tomato plants (García-Cano et al., 2006).
In addition, TSWV NSm has been shown to complement the
movement of Tobacco mosaic virus (TMV) in TMV virus hybrids
(Lewandowski and Adkins, 2005). However, there is not yet
sufﬁcient experimental evidence of involvement of tospovirus
protein interactions in mixed infections.
Fig. 5. Interaction of Tomato spotted wilt virus (TSWV) and Iris yellow spot virus (IYSV) movement (NSm) protein. (A, B) Schematic representation of fusion constructs used in
the yeast-2-hybrid assays for interaction analyses of TSWV (A) and IYSV (B) coded movement (NSm) protein. (C) Schematic diagram of the constructs tested for leucine
independent growth and β-galactosidase activity. Black box, LexA DBD in pEG202; hatched box, B42 TAD in pJG4-5; gray boxes, full-length TSWV NSm (amino acids 1–303;
full-length IYSV NSm (amino acids 1–312); white boxes, IYSV NSm constructs; tanned boxes, TSWV NSm constructs; white box, full-length Cauliﬂower mosaic virus P6
(amino acids 1–520); numbers to the left of each pair of constructions correspond to the β-galactosidase assays shown in (D). (D) β-galactosidase activity of yeast
transformants expressing constructs as represented in (C). The bar graph shows average β-galactosidase units for three different experiments along with the standard
deviation. Numbers at the bottom correspond to the construction pairs as presented in (C).
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Recent real-time studies on the synergistic interaction of TSWV
and IYSV have indicated that TSWV and IYSV proteins may be
interacting to play a role in systemic infection and causing more
severe disease symptoms (Chingandu, 2012). There is no experi-
mental evidence of interaction of the NSs protein with other
tospovirus proteins. To understand the roles of the N and NSm
proteins in synergistic interaction of IYSV and TSWV, we hypothe-
sized that these proteins may be interacting with each other. We
found severe disease symptoms when IYSV and TSWV were co-
inoculated on the host N. benthamiana plants compared to the
symptoms caused by either of these viruses alone. In addition,
symptoms appeared earlier (10 dpi) in plants inoculated with
IYSVþTSWV, compared to those appeared in either IYSV or TSWV
inoculated plants (14 dpi).
Tospovirus N protein plays a central role in viral replication in
encapsidating the three genomic RNA segments to form functional
templates for transcription and replication by the viral RdRp
(Leonard et al., 2005; Soellick et al., 2000). Homotypic interaction
of the N proteins has been previously reported in TSWV and
interacting regions were identiﬁed (Uhrig et al., 1999). Our recent
study on the IYSV N protein has shown homotypic interaction of
the N protein and similar interacting regions were identiﬁed in the
Y2H assay as reported in TSWV N protein (Tripathi et al.,
unpublished). When interaction of the N protein of IYSV and
TSWV was studied by BiFC, we found they interact in the cell
periphery and colocalize with the ER marker. The BiFC results were
further validated with pull down assay and Y2H system. We also
identiﬁed the interacting regions of IYSV and TSWV N proteins and
found that N- and C-terminal regions of IYSV N interacted with the
middle and C-terminal regions of TSWV N. The N- and C-terminal
regions have also shown to be critical for self-association of the
N protein in IYSV and TSWV (Uhrig et al., 1999).
The NSm protein of tospoviruses has been reported to have the
typical characteristics of virus movement proteins as it supports
cell-to-cell movement by formation of tubule structures (Li et al.,
2009). TSWV NSm has been reported to interact with TSWV RNA
and the N protein during cell-to-cell movement (Soellick et al.,
2000). Homotypic interaction of the NSm proteins was recently
reported in Impatiens necrotic spot virus (INSV) by BiFC, but it was
not found in TSWV (Dietzgen et al., 2012). Our recent study on
Fig. 6. Interaction of Iris yellow spot virus (IYSV) nucleocapsid (N) and Tomato spotted wilt virus (TSWV) movement (NSm) proteins. Schematic representation of fusion constructs used
in the yeast-2-hybrid assays for interaction analyses of (A) IYSV N and (B) TSWV NSm proteins. (C) Schematic diagram of the constructs tested for leucine independent growth and β-
galactosidase activity. Black box, LexA DBD in pEG202; hatched box, B42 TAD in pJG4-5; gray boxes, full-length TSWV N (amino acids 1–259); full-length IYSV NSm (amino acids 1–
312); white boxes, IYSV N and NSm constructs; tanned boxes, TSWV N and NSm constructs; numbers to the left of each pair of constructions correspond to the β-galactosidase assays
shown in D. (D) β-Galactosidase activity of yeast transformants expressing constructs as represented in C. The bar graph shows average β-galactosidase units for three different
experiments along with the standard deviation. Numbers at the bottom correspond to the construction pairs as presented in C.
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IYSV NSm protein interaction shows the homotypic interaction of
NSm in the cell periphery at the ER sites. Homotypic interaction of
the NSm proteins in the cell periphery and at the ER has conﬁrmed
its role in intercellular trafﬁcking as a multimeric complex
(Tripathi et al., unpublished).
We also studied the self-interaction of TSWV NSm protein by
BiFC and found that their interaction occurs in the cell periphery
and at the ER as well. The interaction was conﬁrmed by Y2H
system where TSWV NSm protein was shown to interact with
itself through its middle region (100–200 aa). The NSm proteins of
TSWV and IYSV were found to interact in our BiFC assay and this
interaction was further conﬁrmed by pull-down and Y2H assays.
Interacting regions of TSWV and IYSV NSm were determined by
Y2H, and an N-terminal region was shown to be involved in
multiple interactions with the middle and C-terminal regions of
TSWV NSm. Multiple interaction of the NSm was also observed in
our previous studies on self-interaction of IYSV NSm proteins
(Tripathi et al., unpublished). We also found the multimeric
interactions of TSWV NSm with N-terminal region of IYSV NSm.
The biological signiﬁcance of these multimeric interactions needs
to be further evaluated in future studies.
Heterotypic interaction between the N and NSm proteins has
been reported in TSWV, INSV and IYSV and has been speculated as a
prerequisite in tubule-guided movement of tospoviruses (Dietzgen
et al., 2012; Soellick et al., 2000, Tripathi et al., unpublished). We
studied the interaction of IYSV N with TSWV NSm and IYSV NSm
with TSWV N. Our BiFC and pull down assays showed the cross-
interactions of the N and NSm proteins of IYSV and TSWV. A C-
terminal region of TSWV NSm was found to interact with a C-
terminal region of IYSV N, while an N-terminal region of IYSV NSm
was found interacting with the middle and C-terminal regions of
TSWV N in our Y2H assays.
In this study, we ﬁrst used BiFC in live plant cells to investigate
protein–protein interactions, and veriﬁed and corroborated the
observed interactions by two different and independent approaches,
pull down assays and Y2H. Another experiment that could be done to
Fig. 7. Interaction of Iris yellow spot virus (IYSV) movement (NSm) and Tomato spotted wilt virus (TSWV) nucleocapsid (N) proteins. Schematic representation of fusion constructs used
in the yeast-2-hybrid assays for interaction analyses of (A) TSWV N and (B) IYSV NSm proteins. (C) Schematic diagram of the constructs tested for leucine independent growth and
β-galactosidase activity. Black box, LexA DBD in pEG202; hatched box, B42 TAD in pJG4-5; gray boxes, full-length TSWV N (amino acids 1–259); full-length IYSV NSm (amino acids
1–312); white boxes, IYSV N and NSm constructs; tanned boxes, TSWV N and NSm constructs; numbers to the left of each pair of constructions correspond to the β-galactosidase
assays shown in D. (D) β-Galactosidase activity of yeast transformants expressing constructs as represented in C. The bar graph shows average β-galactosidase units for three different
experiments along with the standard deviation. Numbers at the bottom correspond to the construction pairs as presented in C.
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verify that these interactions are taking place in infected plants is to
carry out co-immunoprecipitation using antisera speciﬁc to each of
the viral proteins. However, this could not be done due to the lack of
antibodies to various viral proteins. A more deﬁnitive way to carry out
some of these studies is by using a reverse genetics approach.
Unfortunately, such a system is not yet available for any of the
tospoviruses including IYSV and TSWV.
In summary, our study showed that the N and NSm proteins of
IYSV and TSWV interact with each other in the cell periphery at
the ER sites and these interactions are mediated by multiple
interacting regions of the N and NSm proteins (Fig. 8). N–N,
NSm–NSm, and N–NSm interactions in IYSV and TSWV had a cell
periphery distribution in both uninfected and infected plants.
Similar interaction pattern was observed in another tospovirus,
INSV, suggesting that tospovirus N and NSm proteins interact in
the cell periphery (Dietzgen et al., 2012). The regions involved in
NSm–NSm and N–NSm interactions of IYSV and TSWV are critical
for the functioning of the NSm protein, as they are reportedly
involved in tubule-formation, movement and foliar necrosis (Li
et al., 2009).
Material and methods
Plant materials
Wild-type and transgenic N. benthamiana marker plants expres-
sing autoﬂuorescent markers (Cyan FP) targeted to the nucleus
(Histone H2B) were used in all the experiments. Plants were grown
in a greenhouse with 16 h day/8 h night cycle. AWashington isolate of
IYSV from onion and a California isolate of TSWV from pepper were
maintained in N. benthamiana plants in a greenhouse under ambient
conditions and were used as sources of inoculum to inoculate 4 to 6-
week old plants. To establish mixed infections, N. benthamiana leaves
individually infected with IYSV or TSWV were taken (1:1 w/w) and
homogenized together in the 0.1 M sodium phosphate buffer (w/v).
The inoculum was applied on to healthy wild-type or marker
N. benthamiana plants. Symptomatic leaves of IYSVþTSWV inocula-
ted plants were used for agroinﬁltration at 10 to 14 days post-
inoculation (dpi).
Ampliﬁcation of IYSV genes from infected plants
Total RNAs from IYSV, TSWV, or IYSVþTSWV-inoculated plants
were isolated using the RNeasy plant mini kit (Qiagen), and cDNAs
were generated using Superscript II reverse transcriptase (Invitrogen)
and gene-speciﬁc primers. IYSV and TSWV ORFs for the N and NSm
proteins were ampliﬁed by PCR using Phusion proofreading DNA
polymerase (Invitrogen) and attB sequence-ﬂanked virus-speciﬁc
primers (Table 1). IYSV-and TSWV-speciﬁc primer sequences were
designed from the published sequences of IYSV isolates (GenBank
accession numbers JQ973067.1 / AF214014) and TSWV isolates
(GenBank accession numbers HQ406984/AY956380). IYSV and TSWV
amplicons were cloned into pDONR221 or pENTR-D-TOPO vectors
(Invitrogen) and three clones were sequenced in both directions using
M13 forward and reverse primers and gene-speciﬁc primers.
Transient expression of fusion genes and BiFC assay
For bimolecular ﬂuorescence complementation (BiFC) studies,
IYSV and TSWV proteins were expressed in un-infected and dually
infected (IYSVþTSWV) marker N. benthamiana plants. In brief,
full-length ORF entry clones of IYSV and TSWV without a stop
codon were recombined into the binary destination pSITE or pSITE
II vectors as described in Chakrabarty et al., (2007), Goodin et al.
Fig. 8. Interaction map of Iris yellow spot virus (IYSV) and Tomato spotted wilt virus
(TSWV) nucleocapsid (N) and movement (NSm) proteins. IYSV N represents (I)- 1–
90 aa, (II) 91–180 aa, (III) 181–220 aa, (IV) 221–273 aa; TSWV N represents (I)- 1–90
aa, (II) 91–180 aa, (III) 181–220 aa, (IV) 221–259 aa; IYSV NSm represents (I)- 1–160
aa, (II) 100–200 aa, (III) 201–312aa; TSWV NSm represents (I)- 1–160 aa, (II) 100–
200 aa, (III) 201–303aa.
Table 1
List of primers used for the bimolecular ﬂuorescence complementation and pull down assays.
Gene a,b Primer pair (50-30) Size (bp) Tm (1C)
TSWV N F-ggggacaagtttgtacaaaaaagcaggcttcATGTCTAAGGTTAAGCTCAC
R-gggggaccactttgtacaagaaagctgggtcAGCAAGTTCTGTGAGTTT 777 64
TSWV NSm F-ggggacaagtttgtacaaaaaagcaggcttcATGTTGACTCTTTTTCGGT
R-gggggaccactttgtacaagaaagctgggtcTATTTCATCAAAGGATAACTGA 909 60
IYSV N F-caccATGTCTACCGTTAGGGTGAAA
R-ATTATATCTATCCTTCTTGGAG 819 51
IYSV NSm F-ggggacaagtttgtacaaaaaagcaggcttcATGTCTCTCCTAACTAACGTG
R-gggggaccactttgtacaagaaagctgggtcTACTTCATTAAATCTGTTCTCGTT 936 60
a Primers with the preﬁx ‘F’ are forward primers, while those with ‘R’ are reverse primers.
b Sequence of primer, where the underlined nucleotides are att sequence for the Gateway cloning.
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(2007) and Martin et al. (2009). For BiFC interaction assays, IYSV
and TSWV proteins were fused to the amino- and carboxy-
terminal portions of yellow ﬂuorescent protein [pSITE-BiFC-
nEYFP-C1 and pSITE-BiFC-cEYFP-C1] and pSITE-BiFC-N1 vectors.
Expression of fusion constructs was tested by Western blotting
using YFP antibodies (Santa Cruz Biotechnology Inc.). Interactions
were tested in all pairwise combinations and orientations as des-
cribed previously (Bandyopadhyay et al., 2010). For co-localization
studies, organelle markers that were developed as binary plasmids
by Nelson et al. (2007) were obtained from the Arabidopsis
Biological Research Center (ABRC; Ohio). The marker used in this
study was ER-ck (endoplasmic reticulum with cyan ﬂuorescent
protein; ER-CFP). Recombinant pSITE vectors with IYSV genes and
organelle markers were transformed into Agrobacterium tumefa-
ciens LBA4404. Transformed agroclones were inﬁltrated into N.
benthamiana marker plants. Agroinﬁltrated plants were kept
under constant illumination at 25 1C. After 48-h incubation,
water-mounted sections of leaf tissue were examined by a Leica
Confocal laser scanning microscope (Leica Microsystems). A mini-
mum of three leaves for each expression construct were examined
and high-quality images were obtained as described (Goodin et al.,
2005). All interaction assays were repeated three times.
Pull-down assay
Maltose binding pull down assay was performed as described
in (Hapiak et al., 2008). Brieﬂy, entry clones of IYSV and TSWV N
and NSm were recombined into the Gateway (GW) pMAL-c2X and
pDEST15 vectors (Invitrogen). Maltose binding protein pull-down
assays were performed by mixing “bait” (MBP alone or fused to
TSWV or IYSV N and NSm) crude protein extract with “prey”
(protein extract, from Escherichia coli expressing GST with IYSV
and TSWV proteins or empty expression vector) crude protein
extract. For each treatment, “Load”, “Flow-Through” and “Elution”
samples were made and were separated on a 10% SDS-
polyacrylamide gel and transferred to a PVDF membrane
Table 2
List of Tomato spotted wilt virus genes primers used for yeast-2-hybrid assays.
Gene a,b,c Primer sequence (50-30) Length (aa) Tm (1C)
TSWV N (full-length) F-ggggacaagtttgtacaaaaaagcaggcttcATGTCTAAGGTTAAGCTCAC 1–259 64
R-gggggaccactttgtacaagaaagctgggtcTTAAGCAAGTTCTGTGAGTT
TSWV N2 F-ggggacaagtttgtacaaaaaagcaggcttcATGTCTAAGGTTAAGCTCAC 1–90 64
R-gggggaccactttgtacaagaaagctgggtcTCAAGCCTTCTGAAGGTCTA
TSWV N3 F-ggggacaagtttgtacaaaaaagcaggcttcATGACCTTCAGAAGGCTTGA 91–180 64
R-gggggaccactttgtacaagaaagctgggtcACTTCTATGGGTCAATCCCG
TSWV N4 F-ggggacaagtttgtacaaaaaagcaggcttcCCAAAGAAGTATGACACCAG 181–220 64
R-gggggaccactttgtacaagaaagctgggtcGATTTCAGGAACTGAGTATA
TSWV N5 F-ggggacaagtttgtacaaaaaagcaggcttcGCATTTGAAATGACTGAAGA 221–259 64
R-gggggaccactttgtacaagaaagctgggtcTTAAGCAAGTTCTGTGAGTT
TSWV NSm (full length) F-ggggacaagtttgtacaaaaaagcaggcttcATGTTGACTCTTTTCGGTAA 1–303 60
R-gggggaccactttgtacaagaaagctgggtcCTATATTTCATCAAAGGATA
TSWV NSm 2 F-ggggacaagtttgtacaaaaaagcaggcttcATGTTGACTCTTTTCGGTAA 1–160 60
R-gggggaccactttgtacaagaaagctgggtcTGACTTGCTATTCAGATGGC
TSWV NSm 3 F-ggggacaagtttgtacaaaaaagcaggcttc AATGATCTTTTTGTTGGCAA 100–200 60
R-gggggaccactttgtacaagaaagctgggtcGGCTACACTACAAATGCAGC
TSWV NSm 4 F-ggggacaagtttgtacaaaaaagcaggcttcATGTGTAGCCAAGAATACAA 200–303 60
R-gggggaccactttgtacaagaaagctgggtcCTATATTTCATCAAAGGATA
a Primers with the preﬁx ‘F’ are forward primers, while those with ‘R’ are reverse primers.
b Sequence of primer, where the underlined nucleotides are att sequence for the Gateway cloning.
c The italicized underlined nucleotides are stop codan sites.
Table 3
List of Iris yellow spot virus genes primers used for yeast-2-hybrid assays.
Gene a,b,c Primer sequence (50-30) Length (aa) Tm (1C)
IYSV N (full-length) F-caccATGTCTACCGTTAGGGTGAAAC 1–273 51
R-TTAATTATATCTATCCTTCT
IYSV N2 F-caccATGTCTACCGTTAGGGTGAAAC 1–90 51
R-TCTAACCTCCTGAATGTCA
IYSV N3 F-caccTGGACATTCAGGAGGTTAGA 91–180 51
R-CTGCTTATACCGAGTGCTTA
IYSV N4 F-caccGAAGCACTCGGTATAAGCAG 181–220 51
R-GTGCATTCAGTGAGGATCTA
IYSV N5 F-caccAAGATCCTCACTGAATGCAC 221–273 51
R-TTAATTATATCTATCCTTCT
IYSV NSm (full length) F-ggggacaagtttgtacaaaaaagcaggcttcATGTCTCTCCTAACTAACGT 1–312 60
R-gggggaccactttgtacaagaaagctgggtcTCATACTTCATTAAATCTGT
IYSV NSm 2 F-ggggacaagtttgtacaaaaaagcaggcttcATGTCTCTCCTAACTAACGT 1–160 60
R-gggggaccactttgtacaagaaagctgggtcTTTCTTAAGGTGTCATCTTA
IYSV NSm 3 F-ggggacaagtttgtacaaaaaagcaggcttcAAAGATGATTCCCTTATTGG 100–200 60
R-gggggaccactttgtacaagaaagctgggtcTAGTCAACTAAAGCTGCATA
IYSV NSm 4 F-ggggacaagtttgtacaaaaaagcaggcttcAATTTGACTAGTAACGAAAA 201–312 60
R-gggggaccactttgtacaagaaagctgggtcTCATACTTCATTAAATCTGT
a Primers with the preﬁx ‘F’ are forward primers, while those with ‘R’ are reverse primers.
b Sequence of primer, where the underlined nucleotides are att sequence for the Gateway cloning.
c The italicized underlined nucleotides are stop codan sites.
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(Millipore) following manufacturer's instructions. The blot was
probed with monoclonal anti-GST antibodies (1:2000) (Sigma)
and with HRP conjugated secondary antibody (1:1000) (Sigma).
Images were acquired within 5 min of ECL (GE healthcare) treat-
ment using VersaDoc imaging system (Bio-Rad) according to the
manufacturer's speciﬁcations. All pull down assays were repeated
three times.
Yeast-2-hybrid (Y2H) assay
Y2H assays were performed as described (Li and Leisner, 2002;
Raikhy et al., 2011). Plasmids pEG202 and pJG4-5 (Ausubel et al., 1993;
Gyuris et al., 1993), as well as yeast strain EGY48 harboring pSH18-34
were a gift from Scott Leisner (University of Toledo, OH). IYSV and
TSWV N and NSm regions were ampliﬁed with Pfu DNA polymerase
by the Gateways primer sequences (Tables 2 and 3). Amplicons were
cloned into attP-containing pDONR221 or pENTR-D-TOPO vectors
using the Gateways cloning system (Invitrogen) and the Entry clones
were sequenced as described earlier. The conﬁrmed entry clones were
recombined into binary yeast plasmids with either the LexA DNA-
binding domain-encoding region of pEG202 or the DNA sequence
coding for the B42 activation domain in pJG4-5 (Ausubel et al., 1993;
Gyuris et al., 1993).
The recombinant plasmids were ampliﬁed in E. coli DH5α and
were subsequently introduced into Saccharomyces cerevisiae EGY48
harboring the pSH18-34 β-galactosidase reporter plasmid using a
lithium acetate yeast transformation procedure (Ausubel et al., 1993;
Gyuris et al., 1993; Li and Leisner, 2002). First, the pEG202 plasmids
harboring either full-length N and NSm genes of IYSV and TSWV or its
various fragments were combined with yeast strain EGY48 containing
pSH18-34 and were selected on synthetic deﬁned (SD)/-Ura-His
medium (Clontech laboratories). Individual colonies were used to
establish yeast lines harboring recombinant pEG202 plasmids. Recom-
binant pJG4-5 plasmids were then introduced into these lines. The
transformants were grown at 30 1C on agar plates containing either
SD Base/Gal/Raf/-Ura-His-Trp (þL) or SD Base/Gal/Raf/-Ura-His-Trp-
Leu (-L) (Clontech lab.) for 3–5 days. Vector pJG4-5 without a gene
insert was used as a negative control for each set of yeast
transformations.
β-galactosidase assays were performed to measure reporter gene
as described (Ausubel et al., 1993; Gyuris et al., 1993). Y2H assays
showed similar results when repeated twice with similar conditions.
Conclusions
The NSm protein associates with free RNA and the N protein in
sequence non-speciﬁc manner, before it forms tubule like struc-
tures at the plasmodesmata (Soellick et al., 2000). In our study, the
N and NSm proteins of TSWV and IYSV interacted with each other.
TSWV NSm interaction with IYSV N and NSm may help in the
movement of RNA through the NSm, leading a systemic infection
in host plants. We speculate that cross-interactions between N and
NSm of IYSV and TSWV may be one of the mechanisms respon-
sible for the severe symptoms in systemic tissues. These multiple
interactions may enhance assembly, replication, and spread of
tospoviruses in the host plant. Further studies are required to
identify the biological roles of these interactions to better under-
stand the molecular mechanism of mixed infection involving
nucleocapsid and movement proteins of tospoviruses. In the
absence of a reverse-genetic system for tospoviruses, our approach
facilitates the structure-function studies of tospovirus genes and
gene products. Construction of cDNA infectious clones of tospo-
viruses greatly would help understand the biological roles of
tospoviral protein interactions. This study also provides a platform
to carry out interaction studies of other tospoviruses that fre-
quently occur together in the ﬁeld.
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